Curcumin, a polyphenolic antioxidant derived from a dietary spice, exhibits anticancer activity in rodents and in humans. Its efficacy appears to be related to induction of glutathione S-transferase enzymes, inhibition of prostaglandin E 2 (PGE 2 ) production, or suppression of oxidative DNA adduct (M 1 G) formation. We designed a dose-escalation study to explore the pharmacology of curcumin in humans. Fifteen patients with advanced colorectal cancer refractory to standard chemotherapies consumed capsules compatible with curcumin doses between 0.45 and 3.6 g daily for up to 4 months. Levels of curcumin and its metabolites in plasma, urine, and feces were analyzed by highpressure liquid chromatography and mass spectrometry. Three biomarkers of the potential activity of curcumin were translated from preclinical models and measured in patient blood leukocytes: glutathione S-transferase activity, levels of M 1 G, and PGE 2 production induced ex vivo. Dose-limiting toxicity was not observed. Curcumin and its glucuronide and sulfate metabolites were detected in plasma in the 10 nmol/L range and in urine. A daily dose of 3.6 g curcumin engendered 62% and 57% decreases in inducible PGE 2 production in blood samples taken 1 hour after dose on days 1 and 29, respectively, of treatment compared with levels observed immediately predose (P < 0.05). A daily oral dose of 3.6 g of curcumin is advocated for Phase II evaluation in the prevention or treatment of cancers outside the gastrointestinal tract. PGE 2 production in blood and target tissue may indicate biological activity. Levels of curcumin and its metabolites in the urine can be used to assess general compliance.
INTRODUCTION
The absence of sensitive markers of efficacy and compliance has frequently confounded the optimization of clinical trials of novel cancer chemopreventive agents, particularly in the case of mechanistically multitargeted diet-derived agents, such as flavonoids and other polyphenols. Curcumin [1,7- bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione; diferuloylmethane], a major constituent of the yellow spice turmeric derived from the rhizomes of Curcuma spp., is one such polyphenol. Curcumin has been shown to prevent cancer in the colon, skin, stomach, duodenum, soft palate, and breasts of rodents after oral administration (1) (2) (3) . In clinical pilot studies in Taiwan and India, curcumin has been associated with regression of premalignant lesions of the bladder, soft palate, stomach, cervix, and skin, and with treatment responses in established malignancy (4, 5) . Mechanisms by which curcumin prevents cancer are thought to involve up-regulation of carcinogendetoxifying enzymes such as glutathione S-transferases (GST; refs. 6, 7), antioxidation (8, 9) , and suppression of expression of the isoenzyme cyclooxygenase-2 (COX-2; refs. 10, 11) .
The pharmacokinetic properties of curcumin in humans remain relatively unexplored. In rodents, curcumin undergoes avid metabolism by conjugation and reduction, and its disposition after oral dosing is characterized by poor systemic bioavailability (9, 12) . In a pilot study of a standardized oral Curcuma extract, doses up to 180 mg of curcumin per day were administered to patients with advanced colorectal cancer for up to 4 months without overt toxicity or detectable systemic bioavailability (13) . A subsequent study has suggested that doses up to 8 g could be administered daily to patients with premalignant lesions for 3 months without overt toxicity (4) .
The aims of the study described here can be divided into three broad categories. Firstly, we sought to analyze in detail the toxicity of high doses of curcumin administered orally to patients with advanced cancer. Expanding the reported data from the only published trial of doses Ͼ1.5 g daily in humans (4), we aimed to make this assessment by clinical parameters, qualityof-life questionnaire, and hematologic/biochemical tests. Secondly, we aimed to investigate the systemic effects of curcumin consumption. On the basis of our data from preclinical studies in models of colorectal carcinogenesis and in blood from healthy volunteers, we selected three biomarkers for translation into early clinical trials of curcumin on account of their relevance to carcinogenesis and the magnitude of change in response to treatment (9 -11, 13). The three indices of the potential pharmacological activity of curcumin measured in patient blood leukocytes were: GST activity, levels of a deoxyguanosine adduct (M 1 G) formed via oxidative DNA damage, and inducible prostaglandin E 2 (PGE 2 ) levels as an indicator of COX-2 activity induced ex vivo by lipopolysaccharide (LPS). GST enzyme activity has been shown to be up-or down-regulated in rat tissues after oral consumption of curcumin, depending on the dose and route of administration (6, 7, 9) . M 1 G levels are related to lipid peroxidation and oxidative stress and can be altered by feeding rats curcumin in their diet or by dietary modification in human volunteers (9, 14) . Curcumin down-regulates COX2 transcription in human-derived colon cells (10) . When added in vitro to blood from healthy volunteers, curcumin (1 mol/L) reduced LPS-induced COX-2 protein levels and concomitant PGE 2 production by 24% and 41%, respectively (11) . The third aim of this Phase I study was to test the hypothesis that curcumin or products of its metabolism can be detected in blood or excreta of humans using high-performance liquid chromatography (HPLC) with UV detection and tandem quadrupole mass spectrometry (MS; refs. 13, 15) .
Overall, the study was designed to define pharmacokinetic and pharmacodynamic parameters, which might help to optimize the clinical evaluation of curcumin in Phase II chemoprevention or chemotherapy trials.
PATIENTS AND METHODS
Patients. The trial and formulation were approved by the local ethics committee and the United Kingdom Medicines Control Agency. Fifteen patients with histologically proven adenocarcinoma of the colon or rectum, for which no additional conventional therapies were available, met the following eligibility criteria: measurable or evaluable disease; age Ͼ18 years; WHO performance status of 0 to 2 and life expectancy Ͼ12 weeks; absolute neutrophil count Ն1.5 ϫ 10 9 /L; hemoglobin Ն10 g/dL; platelets Ն100 ϫ 10 9 /L; aspartate aminotransferase and alanine aminotransferase Ͻ2.5 times the upper limit of normal; serum bilirubin and creatinine Ͻ1.5 ϫ upper limit of normal; and no previous investigational or chemotherapeutic drugs within 28 days before enrolment. Exclusion criteria included: active chronic inflammatory or autoimmune disease; active infection, including viral infection; significant impairment of gastrointestinal function or absorption; active peptic ulcer disease; known biliary obstruction or biliary insufficiency, and use of nonsteroidal anti-inflammatory drugs within 14 days of enrolment. They were enrolled between December 2000 and December 2002 at the University Hospitals of Leicester. Patients were asked to abstain from nonsteroidal anti-inflammatory drug use and the consumption of foods containing the spice turmeric during the study period, and their general practitioners were asked not to prescribe nonsteroidal anti-inflammatory drugs. Written informed consent was obtained from each patient before enrolment. Demographic and baseline characteristics of patients are shown in Table 1 . All of the patients were white Caucasians except for 1 patient at the second dose level who was Indian.
Formulation, Dose, and Study Design. "C3" curcuminoid capsules were provided in a single batch by the Sabinsa Table 1 . The highest dose level was defined as the dose at which plasma levels of curcumin were detected or any pharmacodynamic effects were observed. Treatment was continued until disease progression was established or consent was withdrawn. Clinical Measurements. Blood, urine, and feces were collected on days 1, 2, 8, and 29, protected from light and stored at Ϫ80°C. Blood collection was predose and at 0.5, 1, 2, 3, 6, and 8 hours after dose, and samples were kept in tubes pretreated with lithium-heparin (Sarstedt, Loughborough, United Kingdom). Full blood cell count and urea, electrolytes, liver, and bone function were measured in venous samples, and physical examination was performed, before treatment and on treatment days 1, 2, 8, 29, and monthly thereafter. Serum levels of total cholesterol and the tumor markers carcinoembryonic antigen, CA19.9, and CA125 were measured before treatment and every month of treatment. Blood samples for analysis of GST activity and M 1 G levels were collected 1 week before and on days 1, 2, 8, and 29 of treatment, immediately before dosing for M 1 G or immediately before and 1 hour after each dose for GST. Lymphocytes were separated from fresh blood using Patients were evaluated for tumor response every 8 weeks, using computed tomography or magnetic resonance imaging scanning, in addition to monthly chest X-rays. Measurements were made using the WHO Solid Tumor Response Criteria. All of the measurable, evaluable, and nonevaluable lesions were accounted for in the tumor assessment. Measurable lesions were quantified by the sum of the products of perpendicular diameters. Partial response was defined as at least a 50% decrease in the sum of the product of the perpendicular diameters of measurable lesions from baseline and with no development of new lesions. Progressive disease was defined as at least a 25% increase, clear worsening from previous assessment of any evaluable disease, reappearance of any lesion which had disappeared, or appearance of any new lesion/site. Stable disease was defined as the scenario in which the disease status had neither responded to meet the partial response criterion nor progressed to meet the progressive disease criteria.
Pharmacodynamic Assessments. Glutathione and 1-chloro-2,4-dinitrobenzene were purchased from Sigma (Poole, United Kingdom). Once thawed, lymphocyte samples were sonicated for 30 seconds (Fisher 550 sonicator, Pittsburgh, PA) on ice and centrifuged at 3,000 ϫ g (15 minutes, 4°C). Total GST activity in the supernatant was measured spectrophotometrically using glutathione and 1-chloro-2,4-dinitrobenzene as substrates in triplicate for each sample (17) . Results were corrected for protein levels using the Bio-Rad protein assay (Bio-Rad, Hemel Hempstead, United Kingdom). The GST activity values were quoted as nanomole 1-chloro-2,4-dinitrobenzene conjugated with glutathione per minute per milligram of lymphocytic protein. The GSTM1, GSTT1, and GSTP1 genotypes were determined by PCR methods described previously (18 -20) . Murine M 1 G monoclonal antibody D10A1 was prepared as described previously (14) . Antirabbit and antimurine horseradish peroxidase antibodies were purchased from Dako (Ely, United Kingdom). M 1 G standards were synthesized and characterized, genomic DNA was extracted from whole blood, and leukocytic M 1 G adduct levels were analyzed by immunoslot blot in triplicate as described previously (9, 13, 14) . Discrepancies in the amount of DNA per slot were corrected for by staining the nitrocellulose filter with propidium iodide and performing UV light densitometry (9, 13). The detection limit for M 1 G was 5 adducts per 10 8 nucleotides. Blood was also taken for assessment of plasma PGE 2 concentration induced ex vivo as reported previously (11) .
Measurement of Curcumin and Its Metabolites. Extraction of curcumin and its metabolites (curcumin glucuronide and curcumin sulfate) from plasma, urine, and feces; agent and metabolite recovery; and details of the reverse-phase HPLC (UV-visible detection) analysis were as described previously (13, 15) . Retention times of curcumin glucuronide, curcumin sulfate, and curcumin were in general 24, 31, and 37 minutes respectively. The limit of detection for curcumin in plasma and urine was 5 pmol/mL. In most chromatographic analyses performed, curcumin and its conjugates were detected at levels that were close to the limit of quantitation. Quantitation was performed with a standard curve but without an internal standard and is, therefore, referred to as "semiquantitation." Interday variation of the assay for curcumin was 7.0%. Results are presented as mean Ϯ SD.
The identities of curcuminoids and their metabolites in urine and plasma were verified using an Agilent 1100 series HPLC with in-line Applied Biosystems/MDS SCIEX API 2000 ion spray tandem quadrupole MS. Separation of curcuminoids and their metabolites was achieved using an HPLC method published previously (13, 15) . Identification of compounds was achieved by MS in negative ion mode. Compound-specific fragmentation was detected using multiple reaction monitoring to identify curcumin and curcumin glucuronide (m/z 367 to 134 transition), desmethoxycurcumin and desmethoxycurcumin glucuronide (m/z 336 to 119 transition), and curcumin sulfate (m/z 447 to 367 transition).
Statistical Evaluation. Results were subjected to ANOVA and linear regression analysis using Minitab (version 13) and SPSS (version 11.0) software packages. Plots of residuals were used to ensure that variances were homogeneous and that the residuals had a normal distribution. Comparison of samples taken immediately before dosing and 1 hour after dose was performed by paired t test for individual values, with Bonferroni adjustment for pair-wise comparisons between group means, and by repeated measures ANOVA for pooled measurements. Degrees of freedom (df) are stated for all of the results with P Ͻ 0.05.
RESULTS
Tolerability of Oral Curcumin. Curcumin was well tolerated at all of the dose levels, and dose-limiting toxicity was not observed. Two types of gastrointestinal adverse events were reported by patients, which were probably related to curcumin consumption. One patient consuming 0.45 g curcumin daily and one patient consuming 3.6 g curcumin daily developed diarrhea (National Cancer Institute grades 1 and 2) 1 month and 4 months into treatment, respectively. In the first case, diarrhea was controlled with 4 mg of loperamide hydrochloride daily. The other patient withdrew consent from the study before the cause of the diarrhea could be investigated, which resolved after cessation of treatment. One patient consuming 0.9 g curcumin daily experienced nausea (National Cancer Institute toxicity grade 2), which resolved spontaneously despite continuation of treatment. Two abnormalities were detected in blood tests, both possibly related to treatment: a rise in serum alkaline phosphatase level was observed in 4 patients, consistent with National Cancer Institute grade 1 toxicity in 2 patients and grade 2 toxicity in 2 patients; serum lactate dehydrogenase rose to Ͼ150% of pretreatment values in 3 patients.
Biological Effects of Oral Curcumin. Blood was taken immediately predose or 1 hour postdose on days 1, 2, 8, and 29. Whole blood was incubated for 24 hours in the presence of LPS (10 g/mL). Oral administration of curcumin did not impact on basal PGE 2 levels in leukocytes nor did doses of 0.45 to 1.8 g daily alter LPS-induced PGE 2 (result not shown). However, consumption of 3.6 g of curcumin daily affected LPS-induced PGE 2 levels (Fig. 1) . When values obtained immediately pre-or 1 hour postdose on days 1, 2, 8, and 29 were pooled for the 6 patients consuming this dose, PGE 2 levels observed postdose (3.2 Ϯ 2.2 ng/mL) were significantly lower (46%, P ϭ 0.028; df ϭ 59) than those measured immediately predosing (4.5 Ϯ 3.4 ng/mL). As shown in Fig. 1 , the difference reached significance on day 1 (62% reduction, P Ͻ 0.05; df ϭ 13) and day 29 of treatment (57% reduction, P ϭ 0.01; df ϭ 14). Subset analysis revealed no difference between inducible PGE 2 levels in samples from the 3 patients in which curcumin was detected compared with those in which curcumin was not detected (see below). These results suggest that consumption of 3.6 g of curcumin daily is linked with inhibition of PGE 2 induction in blood taken postdose compared with blood taken predose. Overall time-dependent trends were not identified at any dose in basal or LPS-stimulated PGE 2 .
Total GST activity and M 1 G levels in leukocytes differed substantially between patients with reasonable reproducibility for each patient across the 4-week study period, as borne out by average coefficients of variation within each patient of 15% and 31% for GST and M 1 G, respectively (data not shown). Treatment-related effects were not observed. Patients were genotyped for GST isoenzymes GSTM1, GSTP1, and GSTT1. Sixty percent of the patients lacked GSTM1. In patients who displayed null genotype for GSTM1, predose levels of leukocytic M 1 G (pooled for all time points) were 4.4 Ϯ 0.7 per 10 7 nucleotides, 63% higher than those in patients expressing GSTM1, in whom adduct levels were 2.7 Ϯ 1.1 per 10 7 nucleotides (P Ͻ 0.001; df ϭ 30).
Levels of Curcumin and Its Metabolites in Blood and Excreta.
Curcumin was detected in plasma samples taken 0.5 and 1 hour postdose (see Fig. 2A ) from 3 patients consuming 3.6 g of curcumin daily. Semiquantitation afforded the mean of 11.1 Ϯ 0.6 nmol/L for these 3 patients at the 1-hour time point on day 1, and curcumin levels were similar at the 1-hour time points on days 2, 8, and 29 of intervention. The maximum intrasubject variation of plasma curcumin at the 1-hour time point on days 1, 2, 8, and 29 of intervention was 24% of the mean from day 1. Intersubject variation of plasma curcumin at the 1-hour postdosing was between 7% and 41% of the respective means on days 1 and 29 of intervention, respectively. Curcumin was infrequently detected in the plasma of these patients at other time points, and it was not found in plasma from patients who received lower doses of curcumin. The curcumin formulation used contained small amounts of desmethoxycurcumin and bisdesmethoxycurcumin, which explained the two peaks at retention times slightly longer than curcumin shown in Fig. 2A (panel iii) . Glucuronides and sulfates of curcumin and desmethoxycurcumin were found in the plasma from all 6 of the patients consuming 3.6 g of curcumin daily at all of the time points studied. The presence in plasma of curcumin, desmethoxycurcumin, and their glucuronide and sulfate metabolites was confirmed by MS. Semiquantitation of levels in pooled plasma samples yielded 8.9 Ϯ 0.7 and 15.8 Ϯ 0.9 nmol/L for curcumin sulfate and curcumin glucuronide, respectively. There were no obvious differences in the levels of these conjugates when plasma samples from the 3 patients in which curcumin was detected were compared with those in which curcumin was not detected.
Analysis of urine suggested the presence of curcumin and the conjugates in all of the samples from patients consuming 3.6 g of curcumin daily (Fig. 2B) . Such chromatographic peaks were not seen in any extracts of urine samples from patients on the lower doses. In the 6 patients consuming 3.6 g of curcumin daily, urinary levels varied between 0.1 and 1.3 mol/L (curcumin), 19 and 45 nmol/L (curcumin sulfate), and 210 and 510 nmol/L (curcumin glucuronide; see Fig. 2B and Fig. 3 ). On the basis of the preclinical data currently available, the presence of curcumin and its metabolites in the urine was unexpected. Therefore, the assignment of HPLC peaks to structures was confirmed by cochromatography using authentic standards and corroborated by MS with multiple reaction monitoring. These techniques demonstrated the presence of curcumin and curcumin glucuronide, desme- Fig. 2 Representative HPLC chromatograms of extracts of plasma (A), urine (B), and feces (C) of patients who received 3.6 g curcumin daily.
The plasma sample was taken 1 hour after administration on day 1 (A) of intervention; the 24-hour urine and the feces samples were obtained on day 29. In A, i and iii represent predose and postdose plasma samples, respectively; ii, solution of authentic curcumin (dotted arrow), curcumin sulfate (broken arrow), and curcumin glucuronide (solid arrow), the latter two were generated biosynthetically using rat liver homogenate. In B and C, i and ii represent samples taken pre-first dose (day 1) and on day 29, respectively. thoxycurcumin and desmethoxycurcumin glucuronide, and curcumin sulfate by compound-specific fragmentation (Fig. 4) . Abundant amounts of curcumin were recovered from the feces (Fig. 2C) at all of the dose levels. Curcumin levels in day 8 fecal samples from patients consuming 3.6 g of curcumin daily were between 25 and 116 nmol/g dried feces.
Fecal levels of curcumin did not correlate with toxicity in the 2 patients who experienced diarrhea. Trace amounts of curcumin sulfate were detected in feces from 3 patients consuming 3.6 g of curcumin daily.
Effects of Oral Curcumin on Malignancy. All of the patients enrolled exhibited radiologic evidence of progressive disease before recruitment. No partial responses to treatment were observed. Two patients exhibited stable disease by radiologic criteria after 2 months of treatment, and they remained on treatment for a total of 4 months. The first of these 2 patients (dose level 2) developed progressive disease on her second computed tomography scan. The other patient (dose level 3) demonstrated continued stable disease on computed tomography scan after 4 months, but she withdrew consent on account of diarrhea, which she thought was treatment-related. Decreases in tumor markers or serum cholesterol were not observed as a result of treatment in any of the patients. Three significant changes in quality of life scores were recorded: 1 patient noticed a significant improvement after 1 month of treatment; and 2 patients deteriorated after 2 months of treatment, both of whom were found to have radiologic progressive disease. 
DISCUSSION
The study presented here provides the first report of the systemic parameters of pharmacokinetics and activity of curcumin that are likely to be of value in Phase II chemoprevention/ anticancer trials of this agent. The results permit the following three conclusions to be drawn regarding oral curcumin in humans: (1) administration of 0.5 to 3.6 g daily for up to 4 months is associated with mild diarrhea as its only discernible toxicity, (2) consumption of 3.6 g of curcumin daily generates detectable levels of parent compound and conjugates in plasma and urine, and (3) consumption of 3.6 g of curcumin daily causes inhibition of PGE 2 production in blood leukocytes measured ex vivo. These conclusions lead us to propose that an oral dose of 3.6 g daily is suitable for evaluation in Phase II trials.
The observed safety of curcumin is consistent with previous reports of clinical studies of curcumin and Curcuma extracts (4, 13, 21, 22) . Cheng et al. (4) treated patients with premalignant conditions with tablets containing pure curcumin for up to 3 months. The authors did not record any treatment-related toxicity at daily doses as high as 8 g, although quality of life was not measured, and blood results were not presented. Levels of curcumin observed at the 1-hour time point after a dose of 3.6 g in the study described here are ϳ1/40 of those described by Cheng et al. (4) when they administered 4 g of curcumin. The reason for the discrepancy between the two studies is unclear; it may be associated with the fact that the formulation used by Cheng et al. (4) consisted of pure chemically synthesized curcumin, whereas the formulation used in the trial described here was composed of a purified turmeric extract containing 10% curcuminoids other than curcumin (see Patients and Methods).
Our second conclusion is that consumption of 3.6 g of oral curcumin daily results in levels of drug and conjugates in plasma near the limit of detection of the assays used. Low systemic bioavailability after oral dosing is consistent with findings in preclinical models (9, 12, 23) and in humans (4, 13, 21, 22) . In our laboratory, the adenoma-suppressing activity of dietary curcumin (0.2%, equivalent to ϳ300 mg/kg per day) in the APC Min mouse model was associated with a mean level of 111 nmol/g curcumin in the mucosa of the small intestine (23) . The curcumin concentration in the plasma of these mice was close to the limit of detection (5 pmol/mL), irrespective of the dietary doses (0.1%, 0.2%, and 0.5%) studied. This result suggests that intestinal mucosal levels of curcumin may not be reflected by its systemic levels. Efficient metabolism of curcumin, especially glucuronidation and sulfation, may explain its poor systemic availability when administered via the oral route (4, 13, 15) and is compatible with the finding of metabolites in the plasma of all of the patients consuming 3.6 g daily, although parent compound was detected in the plasma of only half of the patients consuming this dose. Measurement of compliance is increasingly perceived to be an important component of intervention trials (24) . The consistent presence of curcumin and its conjugates in urine observed here in patients consuming 3.6 g of curcumin daily is of relevance to the potential clinical advancement of curcumin as a chemopreventive agent. Urinary analysis of drug-derived species constitutes an easily accessible and reproducible test for ensuring general compliance.
Of the three potential biomarkers of the systemic activity of curcumin explored in this study, levels of M 1 G and GST were unaffected by curcumin. These results indicate that leukocyte M 1 G and GST are not useful indicators of the systemic activity of curcumin in humans due to lack of effect at the low systemic levels of curcumin that result from oral dosing. Interestingly, consistent with a previous observation in patients with advanced colorectal cancer (13) , those who lacked GSTM1 expression, a common phenotype in Caucasian populations, had higher leukocyte M 1 G levels than GSTM1-expressing patients. Although GST-is not the most abundant of the GST isoenzyme classes expressed in human lymphocytes (19, 20) , this observation suggests that lack of GSTM1 activity may be of direct relevance to the detoxification of endogenous and exogenous oxidants, which cause modification of bases in DNA. In contrast to M 1 G and GST, the inducibility of PGE 2 production in whole blood ex vivo may represent a useful tool for assessing the systemic activity of curcumin. COX-2 is an important pharmacological target for nonsteroidal anti-inflammatory drugs, selective COX-2 inhibitors, and polyphenolic agents derived from the diet (25) . Because COX-2 is thought to play a pathogenic role in the carcinogenesis of many tissues, its pharmacological modulation holds implications for cancer prevention and treatment (11, 25) . Previous work in our laboratory on the assay described here suggested that at least part of the effect of curcumin on inducible PGE 2 production in human blood can be attributed to inhibition of COX2 transcription (11) . This phenomenon was also observed in human-derived colon cells cultured in vitro, and inhibition was demonstrated to be the corollary, at least in part, of the inhibition of the nuclear factor-B-activating enzymes IKK-␣/␤ by curcumin (10, 15) . A mechanism analogous to that described in colon cells in vitro may operate in human leukocytes exposed to curcumin. Remarkably, the effect of curcumin described here was associated with plasma levels detected in the 10 Ϫ8 mol/L range, less than a hundredth of the concentration of curcumin shown in vitro to elicit an effect in blood or colon cells (10, 11, 15) . Frustratingly, experiments designed to study the effect of submicromolar concentrations of curcumin in cells in vitro were limited by the inhibitory activity of the solvent (dimethyl sulfoxide) on PGE 2 production (11). The finding that a difference between predose and postdose was not observed on days 2 and 8 of treatment demonstrates the limitations of this assay as a biomarker of activity on account of the high interday intraindividual variation. Therefore, we suggest that incorporation of this biomarker into Phase II clinical trials of curcumin should use multiple time points and a specified minimum cohort size to account for this variability in the power calculations. Measurement of PGE 2 levels may be considered in target tissue as a biomarker that may reflect potential anticancer activity and in blood as an indicator of systemic activity and as a potential "surrogate" for the target tissue.
It should also be noted that curcumin sulfate and products of metabolic reduction of curcumin also inhibited PGE 2 production in colon cells in vitro, although their inhibitory potency appeared lower than that of parent curcumin (15) . Interestingly, some studies have suggested that curcumin elicits systemic effects relevant to the chemoprevention of cancer in hepatic and mammary tissues of animals, despite attainment of levels of curcumin in these tissues that are in the 10 Ϫ9 to 10 Ϫ8 mol/L range (26, 27) . The optimization of Phase I clinical trials of diet-derived putative chemopreventive agents in patients with advanced solid
